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At high temperaturesSiCandSi3N4reactwith watervaporto form asilica
scale. Silica scalesalsoreactwith watervaporto form a volatileSi(OH)4
species. Thesesimultaneousreactions,one forming silica and the other
remo_,ingsilica; aredescribedby paralinearkinetics.-A steadystate, in
which these reactionsoccur at the samerate, is eventually achieved.
After steadystateis achieved,theoxidefoundon thesurfaceis a constant
thicknessandrecessionof theunderlyingmaterialoccursat a linear rate.
The steadystateoxidethickness,thetime to achievesteadystate,andthe
steadystate recessionrate can all be describedin terms of the rate
constantsfor the oxidation andvolatilization reactions. In addition, the
oxidethickness,thetimeto achievesteadystate,andtherecessionratecan
alsobedeterminedfrom parametersthatdescribeawatervapor-containing
environment. Accordingly, mapshave beendevelopedto show these
steadystateconditionsasa function of reactionrate constants,pressure,
andgasvelocity. Thesemapscanbeusedto predictthebehaviorof silica-
formers in water-vaporcontaining environmentssuch as combustion
environments. Finally, thesemapsareusedto explorethe limits of the
paralinearoxidationmodelfor SiCandSi3N4.

INTRODUCTION

SiC and Si3N4are proposedfor long-termapplicationsin combustionenvironments.
Some of these applications include combustor liners and turbine vanes for both
propulsion and power generation. The combustionenvironmentfor hydrocarbon/air
systemscontainsabout 10%water vapor,independentof hydrocarbontype and fuel-to-
air ratio (1). Thereactionsof SiC andSi3N4with water vapor arethereforea concern.
While muchof the information in this paper is genericfor anyenvironmentcontaining
water vapor,thispaperwill emphasizethecombustionenvironmentina gasturbine since
thework summarizedherewasdrivenbydevelopmentfor theseapplications.

In water vapor.containingenvironmentsSiC andSi3N4undergoboth anoxidation anda
volatilization reaction,asshownbelowfor SiC:

SiC+ 3H20(g)= SiO2+ 3H2(g)+ CO(g) ill

SiO2 + 2H20(g) = Si(OH)4(g) [2]
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The kinetics of the oxidation reactionare describedby the parabolicrate constantfor
oxide formation,kp, whereasthe kineticsof the volatilizationreactionaredescribedby
the linear rateconstantfor oxidevolatilization,kj. Thesereactionsoccursimultaneously
and are describedby paralinearkinetics. The paralinearkinetic model has been
developedfor simultaneousoxidationand volatilizationof chromia-formersby Tedmon
(2) andisdirectlyapplicableto theoxidationof silica-formersin watervapor:

dx kp
dt 2x

kI {3J

wherex is oxide thicknessandt is time. At long timesor high voiatiliiy ratesa steady
stateis achievedin whichoxide is formedat thesamerate it is volatilized. SiCandSi3N4
undergolinearrecession,givenby therate _'L, whenthis steadystateis achievedwhich
is directly relatedto the volatility rate of the oxide, kl. Dimensionalchangesdue to
paralinearoxidationareshownasa functionof timefor SiO2growth on SiC in Figure 1.
At steadystate,a limitingoxidethickness,XL,isachievedwhich isgivenby (2):

kp
xL = -- [41

2kI

The subscriptL here and in all future uses refers to the steady state limit. The paralinear

oxidation kinetics of SiC and Si3N4 in water vapor and combustion environments have

been studied under a wide variety of conditions (3-10), and the model has been shown to

be valid in a majority of cases. It is therefore timely to extend the description of steady

state oxidation/volatilization kinetics and compare the theory to observations obtained for

SiC and Si3N4 over a wide range of experimental conditions. This work was begun in a

previous paper (11 ) but is more completely addressed herein.

Specifically, the aims of this paper are as follows. First, the concept of the time to reach

steady is state is developed to extend Tedmon's treatment of paralinear kinetics. Second,

general relationships for limiting oxide thickness, the time to reach steady state and

steady state recession rate are developed in terms of the total pressure, gas velocity and

temperature in the combustion environment. Third, a series of constant temperature maps

are presented which graphically show the variation of the steady state oxide thickness,

time to reach steady state, and steady state recession rate with both rate constants and

combustion environment parameters. Experimental results are then compared to

theoretical predictions. Finally, these maps are used as a framework for discussing the

limitations of the paralinear oxidation model for SiC and Si3N4 in combustion
environments.

DETERMINATION OF THE TIME TO ACHIEVE STEADY STATE

In Tedmon's treatment of paralinear kinetics, the steady state oxide thickness, as well as

the steady state recession rate, are described mathematically (2). While the time to reach



95% of the limiting oxidethicknessis showngraphicallyfor a real chromiaformer asa
function of temperature,a mathematicalexpressionwas not developed. In describing
paralinearkineticsfor a system,the time to reachsteadystateis essentialfor predicting
when the steadystateoxide thicknessis formed, as well aswhen a simple linear rate
describesthe recessionof the underlyingmaterial. In order to determinethe changein
oxidethicknesswith time,the integratedform of Equation3 is needed.This expression
is:

2kl [_ P

[5]

Upon inspection of this equation as well as Figure l, it can be seen that the oxide

thickness, x, approaches the limiting thickness, xL, given by Equation 4, asymptotically

with time. An expression for the time at which the limiting oxide thickness is achieved

cannot be defined. Instead, as is typical for this kind of a function, a time constant can be

defined which is that time at which the oxide thickness given by parabolic kinetics (valid

at short times) is equal to the oxide thickness found at steady state

oxidation/volatilization (valid at long times). This time constant then defines the

transition time at which the simple parabolic oxidation model becomes less accurate than

the simple steady state oxidation/volatilization model. The graphical determination of the

time constant for establishing a limiting oxide thickness, to,o, is shown in Figure 2 and is

given by:

kp

tc,o 4(kl)2 [61

In Figure 2, both the oxide thickness and time have been normalized by the values xL and

tc,o so this figure is general for any rate constants, kp and kl. Independent of rate

constants, the time constant represents that time at which the oxide thickness is 70% of

tile limiting oxide thickness, xL. In order to define a time to form an oxide thickness that

is closer to the limiting oxide thickness, some multiple of the time constant tco must be

used. For example, for the purposes of this paper it was decided that a multiple of 2 x t c.o,

which represents the time to reach 84% of the limiting oxide thickness, is a better

description of the time to reach nearly steady state oxidation/volatilization. This time has

been defined as the limiting time, tL, i.e.:

kp
tt. - [7]

2(kl) 2

A table is included in Figure 2 that shows the multiples of the time constant that

correspond to the time to form a certain percentage of the limiting oxide thickness.



Similarly,a time constantcanbe formulatedto describethetime to achievesteadystate
recession. In this case,thetime constantis definedasthat time at which theexpression
for parabolicrecession(valid at short times) intersectswith the expressionfor linear
recession(valid at long times). This time constantthen definesthe transition time at
which thesimpleparabolicrecessionmodelbecomeslessaccuratethanthe simplesteady
staterecessionmodel.The graphicaldeterminationof the timeconstantfor establishinga
steadystaterecessionrate,tcx,isshownin Figure3andisgivenby:

k'p
= [81

tc'r (k, 1 )2

Here k'p and k'_ represent the rate constants for parabolic and linear recession of SiC.

(These are different from the rate constants for parabolic oxidation and linear

volatilization of SiO2 used in Equations 3 through 7. The units k'p and k'l are in g2/h and

ia/h of SiC or Si3N4 consumed rather than g_/h and g/h of SiO2 formed or volatilized as in

Equations 3 through 7. The rate constants are related by the molecular weights and

densities of silica and the underlying material as shown in the next section.) Here, both

the recession depth and time have been normalized by y_ and tc,_. The quantity y,_ is given

by kp'/kl' and is somewhat arbitrarily chosen. Figure 3 is then general for any rate

constants kp' and k(. Figure 3 contains a table that shows the multiples of the time

constant that correspond to the time at which the recession rate corresponds to a

percentage of the steady state linear recession rate. At one time constant, for example,

the observed recession rate for paralinear oxidation/volatilization is 85% of that which

would be found at steady state oxidation/volatilization. For the purposes of this paper

one time constant has been chosen as an adequate description of the time to reach nearly

steady state linear recession rates.

PARAMETRIC EXPRESSIONS FOR OXIDATION AND VOLATILIZATION

In the previous sections the steady state oxide thickness, the time constant to reach steady

state, and the recession rate have been shown to depend on the oxidation rate as well as
the volatilization rate. It is also useful to understand how the oxidation/volatilization

processes in turn depend on more fundamental parameters (pressure, water vapor partial

pressure, gas velocity and temperature) that describe any environment, rather than on

empirical kinetic rate constants that may or may not be known. In order to understand

how the limiting oxide thickness, time constant and recession rate depend on these

parameters, the parametric expressions for the rate constants must be known. These are

discussed in the following sections.

Parametric Expression for the Parabolic Oxidation Rate Constant

The parabolic rate constant describes the kinetics of Equation l for moderately thick

scales (diffusion limited growth). This rate constant varies with the water vapor partial

pressure and temperature but is independent of gas velocity. The temperature



dependencewill bediscussedlater. The water vapordependencecanbedescribedusing
apower law:

kp _ pnH20 [9]

wheren is the power law exponent. This power law shouldbe identicalfor all silica-
formerssinceparabolicoxide growth is rate limitedby transportof oxidant through the
silica scale. Deal and Grove (12) observeda power law exponentof unity for the
parabolicoxidationof siliconby water vapor, indicatingthat the oxidation reaction is
limited by the diffusionof molecul-arwate(, rattier than-_tchargedspecies,through the
silicascale. Studieson the oxidationof SiC in water vaporfound power law exponents
varyingbetween0.76 and0.91 (13,14). Theseparametersare summarizedin Table 1.
Studieson the diffusivityof water vaporin silicaalsofind that molecularwater vapor is
the diffusingspecies(15). For thepurposesof this studya power law exponentof one
will be used to describethe water vapor partial pressuredependenceof the parabolic
oxidationrate constantfor SiC and SigN4. Usingresultsobtainedfor SiC oxidation at
1316°C (13) the followingexpressionis usedin thispaperto extrapolateoxidationrates
in watervaporfor silicaformers:

kp,1316oc= 0.44 IPH20' [g2 SiO2/h] [10]

This temperature was chosen as a reference temperature since this is the only temperature

where a complete data set is available for both rate constants.

Parametric Expression for the Linear Volatilization Rate Constant

The linear volatilization rate constant describes the kinetics of Equation 2. This rate

constant varies with the water vapor partial pressure, total pressure, temperature and gas

velocity. The temperature dependence will be discussed later. Under combustion

conditions, the volatilization of silica to form Si(OH)4 is limited by transport of Si(OH)4

through a laminar gaseous boundary layer. This rate is given by the following expression

for a flat plate geometry:

k 1 =0.664Re 1/2 Sc 1/3 Dpv [11]
L

where Re is the dimensionless Reynold's number, Sc is the dimensionless Schmidt

number, D is the interdiffusion coefficient of Si(OH)4 in the boundary layer gas, Pv is the

equilibrium concentration of the volatile Si(OH)4, and L is a characteristic length. This

equation can be further expanded:

k 1 = 0.664 [ 12]
L



where v is the gas velocity, rI is the gas viscosity,and 9 is the concentration of the

boundary layer gas. This expression can then be simplified to the combustion

environment parameters of pressure and velocity:

v 1/ 2 Psi(OH)4
[13]

pl/2
total

and knowing that PSi(OH) 4 is proportional to p2 from Equation 2, and PH20 is equalH20

to about 0.1 P_ot_lfor combustion environments as discussed in the introduction, then:

kl _: vl/2 p3/2total [ 14]

Remarkable agreement between the empirical results and boundary layer transport model

has been found (7,8). The measured dependencies of volatilization are also summarized

in Table 1. Using results obtained for SiC oxidation/volatilization at 1316 °C (7) the

following expression is used in this paper to extrapolate oxidation rates in water vapor for
silica formers:

p2

k1,1316oc=0.36 H20 v 1/2
p1/2

total

,[[Lt SiO2/h] [15]

The pressure dependence will vary, of course, in conditions where other volatile species

such as SiO(g), SiO(OH)2(g), or SiO(OH)(g) are more stable (8).

Parametric dependence of limitin_ oxide thickness, time constant, and recession rate

It is now straightforward to substitute the parametric dependence of the oxidation and

volatilization rate constants (Equations 10 and 15) into the previous expressions for xt.

and tc (Equations 4 and 7) to derive the following expressions:

x L,1316oc =0.615

pl/2
total

1/2 ' [_] SiO2]
PHaO v

[16]

And for hydrocarbon combustion environments where PH20 is 0.1 Ptotal, the following

general relationship holds true:

XL _ (Ptotal v) -1/2 [17]



Thesteadystateoxidethicknessthereforedecreaseswith bothpressureandgasvelocity.
Similarly,

tL,1316oC =1.71 Ptotal , [h]
p3

H20 v

[18]

And again, for hydrocarbon combustion environments where PH20 is 0.1 Ptotal, the

following general relationship holds true:

tL _: (P2 v)-I [19]

The time to achieve steady state also decreases with both pressure and gas velocity.

As stated earlier, the steady state recession rate, )'L, is directly proportional to the

volatility rate of silica, k_, and is given by:

p(SiO 2) MW(SiC)
L = k l [20]

MW(SiO2) P (SIC)

Here p is the density and MW is the molecular weight of the indicated species. The exact

semi-empirical relationship for YL is:

p2 vl/2

yL,1316oc =0.18 H20 , [lU SiC/hi [21]
p1/2

total

And again, for hydrocarbon combustion environments where PH20 is 0.1 Pt,,,_l, the

following general relationship holds true:

p3/2 1/2YL v [22]

For easy reference the general expressions for the steady state conditions are summarized
in Table 2.

CASE STUDIES FOR PARALINEAR OXIDATION OF SiC AND Si3N4

Up to this point the theoretical expressions for paralinear oxidation and volatilization; the

parametric dependence of the steady state oxide thickness, time constant, and recession

rate; as well as semi-empirical expressions at 1316 °C have been developed. It is now



appropriateto introducea numberof studiesthat havebeenconductedover awide range
of conditionsthat will becomparedto the theory in the remainderof this paper. These
case studies include three furnace studies (3-5) as well as three studies in actual
combustionenvironments(6,7,10). The test parametersfor each of thesestudiesare
listed in Table3. The resultsobtainedin a high-pressureburnerrig at NASA Glenn (7)
were used to establish the empirical constants for Equations 16, 18, and 21, although the

parametric dependence in these equations is derived from theory (and verified by the

experimental observations). This is not a complete list of studies that describe the

paralinear oxidation/volatilization of silica-forming materials. Other excellent studies

can be found in References 17 and 18. The conditions for these studies are similar to

those in Reference 7, thus they were not included iia the Ca_e-studies.

LIMITING OXIDE THICKNESS AND TIME CONSTANT MAPS IN TERMS OF

RATE CONSTANTS

The concept of an oxide thickness map can first be developed in terms of, kp, the

parabolic oxidation rate constant and, kl, the linear volatilization rate constant. This is

shown in Figure 4, calculated for SiC at 1316°C. Each diagonal line is a line of constant

limiting oxide thickness. Thus for a given oxidation rate and a given volatilization rate,

the steady state oxide thickness at 1316°C can be picked directly from this map. A

number of points are shown on this map that plot limiting oxide thickness for each case

study. Steady state oxide thicknesses were calculated using Equation 4. Experimentally
determined rate constants were not available in all cases, so to be consistent, calculated

rate constants were used in all cases. Rate constants were calculated using Equations 10

and 15 and the experimental parameters in Table 3. Calculated rate constants are

compared to those experimentally measured in Table 4. In most cases there is very good

agreement between calculated and observed rate constants. This comparison will be

discussed in greater detail in a following section.

Similarly, a steady state time constant map as a function of rate constants is shown in

Figure 5. Here again, rate constants for each case study are calculated from Equations 10

and 15 based on parameters in Table 3 and are used in Equation 7 to plot steady state

time constants. Each diagonal line is a line of constant time to reach steady state. Thus

for a given oxidation rate and a given volatilization rate, the steady state time constant for

SiC at 1316°C can be picked directly from this map.

It is unnecessary to construct a map of steady state recession as a function of rate

constants since it depends on the linear volatilization rate of silica alone.

These two maps, Figures 4 and 5, demonstrate a number of concepts. First, these maps

allow easy visualization of the competition between oxide growth and oxide

volatilization and the effects on the expected surface oxide thickness as well as the rate at

which the steady state paralinear process is approached. Second, the case studies really

cover a wide range of rate constants and this will allow limits for the paralinear model to

be explored in detail. Third, the time constant is much more sensitive to changes in rate



constantthanthe limiting oxidethickness.Time constantsvaryfrom 2 minutesto 4x105
hours. This is sevenordersof magnitudevariation in time to reachsteadystate. The
limiting oxide thicknessvariesby threeordersof magnitudein this samerate constant
space. Finally,thesemapsshowthat it maybemoreusefulto think of how the limiting
oxide thickness,time constant,andsteadystaterecessionrate vary with parametersthat
describethe combustionenvironment.Experimentallydeterminedrateconstantsarenot
alwaysavailable. In addition,thesemapsdo not help to visualizehow the paralinear
processis affectedbychangesin pressureor gasvelocity. Thedevelopmentof mapsasa
functionof pressureandvelocityis thetopicof thenextsection.

LIMITING OXIDE THICKNESS,TIME CONSTANT,AND RECESSIONRATE
MAPS IN TERMS OFTOTAL PRESSUREAND GASVELOCITY

The concept of oxide thicknessmaps, first developedin terms of the oxidation and
volatilizationrateconstants,cannow beextendedto theparametricexpressiondeveloped
in Equation16above.Figure6 showsthe limitingoxidethicknesscontourscalculatedfor
SiC at 1316°Casa function of total pressureand gasvelocity. Eachdiagonalline is a
line of constantlimiting oxidethickness.Thusfor a giventotal pressureanda givengas
velocity, the steadystateoxidethicknessfor SiC at 1316°Ccanbepickeddirectly from
this map. The points shown on this map plot actual gas pressures and velocities for five

case studies for SiC or Si3N4 exposures in experimental or combustion environments with

the steady state oxide thickness calculated using Equation 16. (The case study for

laboratory furnace 2 is omitted on these maps since the simplification that PH_O = 0.1

Ptota_ can not be made for these test conditions. In addition, it was assumed the water

vapor partial pressure in the high pressure furnace was 1 arm so that the assumption that

PH20 = 0.1 Ptotal could be made for this case.)

Similarly, maps for time to reach steady state and steady state recession rate as a function

of total pressure and gas velocity calculated for SiC at 1316°C are shown in Figures 7

and 8, respectively. These maps were calculated using Equations 18 and 21. The points

on these maps again represent the actual total pressure and gas velocity for the five case
studies.

While these maps (Figures 6 through 8) give less information about the competing silica

formation and removal processes in the paralinear mechanism than Figures 4 and 5, they

do allow easy visualization of the effects of changes in total pressure and gas velocity on

the expected surface oxide thickness, the rate at which the steady state paralinear process

is approached, and the steady state recession rate of structural material. Again, these

maps demonstrate that the steady state time constant is most sensitive (closely spaced

contours) to changes in pressure and gas velocity, the recession rate has intermediate

sensitivity, and the limiting oxide thickness is least sensitive to changes in combustion

gas parameters.
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COMPARISONOF EXPERIMENTALRESULTSTO THE PARALINEAR MODEL

Rate constants

As mentioned earlier, the measured and calculated rate constants are compared in Table

4. In general there is very good agreement. The rate constants measured for SiC in all

cases are within a factor of two of the calculations based on the semi-empirical

expression from the high pressure burner rig results at 1316°C, Equations 10 and 15.

Several points should be made. First the experimental rates were obtained at various

temperatures as rePorted in Table 3, whereas all calculated rates are for 1316°C.

Nevertheless the agreement- _ qui_-go6d ifidic-g.n'ng-the empirically derived- constants in

Equations 10 and 15, as well as the parametric dependence, work well over a wide range

of conditions. Second, the mechanism for oxidation in the high pressure furnace can not

be described using a parabolic rate constant due to the porous oxide morphology formed

(see Figure 9c), so this case is not well represented by paralinear kinetics. This case will

be discussed in more detail in the following sections. The good agreement between

calculated and measured rate constants in the majority of the cases gives confidence that

the derivations of limiting oxide thickness, time constant, and steady state recession rate

that are based on these rate constants can be used to make accurate predictions of

paralinear oxidation/volatilization behavior.

Limiting Oxide Thickness

Figure 9 shows cross-sections of oxides formed on SiC or Si3N4 for each case study

shown in Table 3. Table 5 summarizes these findings as well as the predicted limiting

oxide thickness for each case study.

The oxide grown on SiC in laboratory furnace 1 (Figure 9a) is about 2 btm thick. This is

much less than the calculated limiting oxide thickness of 91 btm, however, the exposure

time is only 100 hours which is only a miniscule fi'action of the time required to achieve

steady state. The oxidation kinetics in this case were well modeled by parabolic kinetics

alone since the volatility of silica is negligible.

The oxide grown on SiC in laboratory furnace 2 (Figure 9b) is, on average, about a factor

of two less than the predicted limiting oxide thickness. The exposure time was one-third

the time to achieve steady state. These results are in good agreement with expectations.

In this case, the full paralinear model is needed to model the observations. Both the

oxidation rate and the volatility rate are needed to model the observed kinetics.

Figure 9c shows the oxides grown on both SiC and Si?N4 in the high-pressure furnace

environment. There are several phenomena that must be considered when comparing the

observed oxide thickness to the predicted limiting oxide thickness. First, the gas velocity

in this furnace is nearly stagnant (0,05 cm/sec). Silica volatility will be negligible in this

case. This can be observed quite readily from Figure 4, where the oxidation rate is quite

high due to the high water vapor partial pressure, but the volatility rate is quite low due to

the very low gas velocity. In this case, it would be expected that parabolic kinetics alone
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would be sufficient to model the observedoxide growth. This brings up the second
phenomenonthat mustbeconsidered.From Equation10, it is shownthat theparabolic
oxidation rate hasa strong dependenceon the water vapor partial pressure. As the
oxidation rate increases,the rate of production of gaseousoxidation products also
increasesascanbeseenfrom theoxidationreaction(Equation1). Thehighpressuresof
thesegasesgenerateporosity in the oxide layer as shown in Figure 9c for SiC. The
amountof pores in the silicascalehasbeenshownto increasewith water vapor partial
pressure(14). Becausethe scaleis no longerdense,the transportpath length of water
vapor throughthe silicascaleis no longerparabolicallyincreasing. Gasphasetransport
can now occur throughthe interconnectedcracksand pores.The oxide growth rate is
limitedby solidstatetransportofWaiEfv@6r throtighthedenseportion of thesilica scale
near the interface which remainsat a nearly constantthicknesswith time (5). The
oxidation kineticsandcorrespondingrecessionratesare thereforelinear. In the caseof
the Si3N4exposed in the high pressurefurnace, the dense layer is much thicker
presumablydueto the relativelyloweramountof gaseousproductsreleasedper mole of
silicaformed. In this case,parabolickineticswereobserved.The surfacelayerof oxide
is still porousandfriable. At long times,spallationof thisporoussurfacelayermaylimit
the thicknessof the silicaratherthanvolatility. It remainsto bedemonstratedif thereis
someupper limit of silicathicknessat which spallationtypically occurs. The important
point to takeawayfrom theseexposuresis that theunderlyingmaterialandthe resulting
oxide morphologyaffect the kinetic rate law applicableto oxide growth. A paralinear
oxidation/volatilizationmodel is not applicablefor the conditionsin the high pressure
furnace.

Figure9d and9eshowtheoxidemorphologyfoundfor SiCexposedin amach0.3burner
rig anda highpressureburnerrig, respectively.In bothcases,thepredictedsteadystate
oxide thicknessis lessthanthat actuallyobserved.Thiscould beexplainedby impurity-
enhancedoxidation. It is knownthat evensmallamountsof impuritiescan increasethe
oxidation rate of SiC by an order-of-magnitude(19). Burner rigs and other real
combustion environmentsdo contain more impurities than laboratory furnaces. If
impurity effectscausedkp to increase by an order-of-magnitude over the rate given by

Equation 10, then the limiting oxide thickness would be 6gm in both cases. This is in

good agreement with observations for oxides formed in both burner rigs.

Figure 9f shows a cross-section of a Si3N4 vane exposed in an industrial turbine. No

oxide is visible on the surface. The surface roughness appears to correspond to the shape

of individual Si3N4 grains with the grain boundary phase removed. The gas velocity in

this environment is much higher than found in the other case studies. Again several

phenomena must be considered when comparing the predicted limiting oxide thickness to

the lack of oxide actually observed. First, for very thin silica layers, parabolic oxidation

kinetics is not expected. The chemical reaction rate of the water vapor with the

underlying material could be expected to control the oxidation rate since transport across

a thin layer would be rapid. In this case, linear oxidation rates would be observed.

Secondly, because the volatilization rate is so rapid and the time to reach steady state is

so short, the oxidation rate is only of interest at very short times for an

oxidation/volatilization mechanism rendering the first point of little interest. Third, if the
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volatilization is so rapid that no oxide is found on the surface,the kineticsof recession
may not evenbe relatedto the volatility of silica. Several scenarios can be envisioned.

The recession could be controlled by the rate of chemical reaction of the oxidant with the

SiC or Si3N4 to form silica. As soon as oxide is formed it is swept away. Another

possibility is that a different reaction sequence occurs rather than the reactions in

Equations 1 and 2. Some kind of "active" volatilization could occur similar to the active

oxidation mechanism that occurs for silica-formers at low oxygen partial pressures. In

the case of active oxidation at low oxygen partial pressures, SiC reacts with oxygen to

form SiO(g) rather than SiO2. An analogous reaction can be envisioned in which SiC

reacts directly with water vapor to form Si(OH)4(g) without the intermediate silica

formation Stepl It might be poSsible-to- distinguish this kind of reaction by determining

the temperature dependence of recession. It would be difficult to perform these kinds of

experiments since these very high gas velocities found in the turbine cannot be readily

obtained in a laboratory or rig environment. The important point to take away from these

turbine exposures is that a paralinear oxidation/volatilization model is not applicable for

very high velocity conditions where the silica volatilization rate exceeds the silica
formation rate.

Steady State Recession Rate

Steady state recession rates calculated from Equation 21 are shown in Table 6. While

sufficient data are available to compare experimentally observed oxide thicknesses with

predicted limiting oxide thicknesses, the same is not true for recession rates. Recession

by paralinear oxidation/volatilization is too small to be measurable in reasonable amounts

of time for the furnace studies and the roach 0.3 burner rig. Given a one hundred hour

test and the calculated rates listed in Table 6, recession would only be measurable

(>251am) for exposures in the high-pressure burner rig and the industrial turbine.

Material recession has been measured for the materials tested in the high-pressure

furnace, but as already discussed, this recession can be attributed to consumption of

material by a linear oxidation mechanism for SiC and parabolic oxidation which may be

limited by spalling for SigN4 since volatilization of silica is minimal.

Equation 21 was determined from the high-pressure burner rig results, so an independent

comparison cannot be made in this case. However, the good agreement between the

predicted parametric dependence of the recession rate (Equation 14) and the observed

recession rate dependence in Equation 21 provides some measure of confidence that this

equation is correct. In addition, the recession measured for silica formers in other

pressurized burner rig studies (17,18) is in good agreement with Equation 21 for

moderately different conditions.

Finally, the calculated rates are in good agreement with the measured rates for the Si3N4

exposed in the turbine. Because no silica was observed on the surface of the Si3N4 vane,

the paralinear oxidation/volatilization model should not be applicable. However, the

good agreement of calculated and predicted steady state recession rates may indicate that

the conditions under which the vane was exposed are just at the limit where the paralinear



13

modelmaybeapplied;i.e., at lower volatility ratesparalinearkineticsapplyand at higher
volatility ratessomeof the mechanismsdescribedabovein the limiting oxide thickness
sectionmaybeoperative.

While recessionrates are difficult to measurewhen volatilization is only moderately
rapid, linear weight lossesthat correspondto the linearrecessionratesare quite easily
obtained. The volatilizationrate constantsshownin Table4 were obtainedby weight
measurementsfor casesB, D andE. Measuredweight lossand materialrecessionwere
both obtainedin the highpressureburnerrig andwerefoundto differ by afactor equalto
thedensityof SiC,asexpected.

TEMPERATUREDEPENDENCEOFPARALINEAR OXIDATION -
VOLATILIZATION

Maps for limiting oxide thickness,time constant,and steadystate recessionrate as a
function of rate constants or pressure/velocityspace are calculated at a single
temperature.Differentmapsmustbecalculatedfor eachtemperature.Up to this point,
all calculationshave beenlimited to one temperature,1316°C, and the temperature
dependencehasbeenneglected.Thishasbeendonebecauseoxidationand volatilization
rateconstantsmeasuredasa functionof pressureandgasvelocityfor a singlematerialin
a single rig are not availableover a rangeof temperatures.The availablemeasured
temperaturedependenciesof the rate constantsare summarizedin Table 1. The
temperaturedependencefor both rateconstantsdeterminedin a singlestudycanbefound
only for SiC studiedin a laboratoryfurnace(4) andthe uncertaintiesof the temperature
dependencein this study are quite large. Onepoint to note is that the enthalpiesfor
oxidation and volatilizationaresimilar,so predictingthe temperaturedependenceof the
limiting oxide thicknessandthetime to reachsteadystate,whichdependon bothkp and
k_is difficult. However,whengood oxidation/volatilizationresultsover a wide rangeof
temperaturesbecomeavailablefor a given material the following discussionwill be
applicable.

The temperaturedependenceof the parabolicrate constantarisesfrom the enthalpyof
diffusion for molecularwater in silica. The valuesreportedfor this oxidation enthalpy,
AHo×, in the literature are summarized in Table 1 and range from 28 to 156 kJ/mol. The

temperature dependence of the volatilization reaction arises mainly from the enthalpy of

Reaction 2. This temperature dependence is found in the 9v term in Equations 11 and 12

which arises from the temperature dependence of the PSi(OH) 4 term in Equation 13. The

enthalpy for volatilization, AHvo_, varies between 3 and 108 kJ/mol as reported in the

literature and summarized in Table 1. Thus the temperature dependence of these two

mechanisms may be similar.

The temperature dependence of the steady state oxide thickness is given by:
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kp
x L =--_ exp

2kI
AH vol - AH ox ")

)RT
[23]

where AH is the enthalpy, the subscript vo] indicates volatilization, the subscript ox

indicates oxidation, R is the gas constant, and T is absolute temperature. In reference 4,

AHvol = 3+_75 kJ/mol and AHox = 35+147 kJ/mol. Thus it is highly uncertain which

enthalpy is larger. If, in fact, AHvol < AHo×, then xu increases as T increases. This

discussion assumes the major volatile species is Si(OH)4(g). At high temperatures

(_>1400°C) SiO(OH)2(g) or SiO(OH)(g) species may be important (8). These species have

much highei: efithalpies of formation-from silica and-water vapor. In these cases the

volatilization reaction would become increasingly important as the temperature was

increased. The steady state oxide thickness might therefore decrease with temperature.

There are no oxide thickness measurements available to see how the steady state oxide

thickness varies with temperature.

Similarly, the temperature dependence of the time to reach steady state is given by:

_ k p _: (2AHvol-kHox)t L 2k 12 exp f_
[24]

where all terms have been previously defined. Again, assuming 2AHvol < AHox based on

reference 4, then tL will increase as T increases. Clearly, these temperature trends will

depend on the material of interest and cannot be predicted without better data.

Finally, the temperature dependence of the steady state recession rate will depend only on

the enthalpy of volatilization and it is quite straightforward to state that recession rates

increase exponentially with temperature.

LIMITS OF THE PARALINEAR MODEL FOR SiC AND Si3N4 OXIDATION -

VOLATILIZATION IN COMBUSTION ENVIRONMENTS

The maps developed in Figures 6, 7, and 8 provide a fl'amework for understanding the

limits of the paralinear model. Several points have been made in the previous discussion

about the applicability of the paralinear oxidation and volatilization model for silica-

forming materials in the specific case studies. These points are summarized below and

in Table 7. A general map, shown in Figure I0, is then developed to show approximate

pressure and gas velocity limits for applying the paralinear model. Some of these lirnits

are based on the long-term application (104 to 10s hours) of SiC and Si3Na in a

combustion environment. Clearly different limits would be chosen for significantly

different applications.
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I. Negligible volatilization/recession

At low gas velocities and low pressures in a combustion environment, silica volatilization

and the corresponding steady state recession rate are negligible. Parabolic oxidation

kinetics are sufficient to model the oxide growth and recession. In Figure 10, a steady

state recession rate of 1 x 10 '_ g/h has been chosen as negligible. For recession rates

larger than this, the paralinear model should be used.

2. Long time constant

At low gas velocities and low pressures in a combustion environment, the time to reach

steady state oxidati0n a__n_ volatil!z_ation c_an_ be as long as the expected use life of a

component. Clearly it is not necessary to apply paralineark]_etics to model the oxidation

of materials under these conditions. In Figure 10, a time constant of 104 hours was

chosen as a limit for application of the paralinear model. For shorter time constants, the

paralinear model should be used.

3. Negligible volatilization, high oxidation rate

At low gas velocities and high pressures in a combustion environment the volatilization

rate is low. The oxidation rate is high due to the high water vapor partial pressure. While

paralinear kinetics can still be used to model the oxidation and volatilization reactions

under these conditions, the kinetics are dominated by the oxidation reaction and can

therefore be modeled by the oxide growth kinetics alone. In addition, because oxidation

rather than volatilization dominates the reaction kinetics, the observed oxidation behavior

is material dependent. In volatility-dominated conditions (high gas velocity), the

volatilization of silica appears to be independent of the underlying material or the purity

of the silica. However, when the kinetics are dominated by high oxidation rates, as they

are at low gas velocities and high water vapor partial pressures, the oxidation rate and

mechanism are affected by the underlying material. The purity of the material and the

product gases generated by the oxidation reaction affect the oxidation mechanism. This

is evident from the different behavior observed for SiC and Si3N4 in the high pressure

furnace (Figure 9c), These differences in oxidation mechanism are now discussed.

3a. Nonprotective scale

For SiC exposed under low gas velocity, high pressure conditions for 500h, a thick

porous scale was formed with a 5 micron thick dense silica layer near the oxide/SiC

interface (5). This dense layer did not grow with time, and the observed kinetics were

linear. The following mechanism explains these observations. The high oxidation rates

which occur at high water vapor partial pressures generate large amounts of product

gases (CO and H2). These gases form bubbles and pores in the silica scale (5, 14). The

oxidation rate is limited by transport of water vapor through the 5 micron thick dense

layer of silica near the oxide interface. Thus, a 5 micron steady state oxide thickness has

been chosen as a limit for the paralinear model in Figure 10. For SiC, only conditions

which result in a steady state oxide thickness less than 5 microns can be modeled by

paralinear kinetics (or simple parabolic kinetics). Oxides thicker than 5 microns would

be full of bubbles and pores and grow by linear kinetics.
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3b. Thick spalling scale

For Si3N4 exposed under low gas velocity, high pressure conditions for 500h, 20-25 #m

thick scales were formed which had very friable surface layers (20). The oxidation

kinetics for SigN4 oxidized under these conditions were parabolic. The friable surface

layer indicates that spallation will be a problem for very thick oxides. If spallation occurs

at some limiting thickness, then kinetics would be parabolic (as a simple case of

oxidation/volatilization paralinear kinetics) until this oxide thickness is achieved. It is

possible that as the scale grows thicker, the surface layer spalls off to some average

thickness. This remains to be verified. If spallation of thick scales occurs, then the

paralinear oxidation/volatilization model would not be applicable for predicted steady

state oxide thicknesses greater than the Spaifati6fi-limiting value. Ifi Figur6 10, a

spallation limited oxide thickness of 30 btm has been chosen as a limit for the paralinear

oxidation/volatilization model. For thicker oxides, a paralinear oxidation/spallation

model might be a valid. Oxidation/spallation models have been used to describe the

kinetics of cyclic oxidation of superalloys (21) for many years. A better understanding of

silica scale growth in high pressure water vapor for very thick scales is needed.

4. Thin or missing scale

At high pressures and high gas velocities in a combustion environment silica

volatilization rates are more rapid than oxidation rates. Very thin scales are formed or

bare surfaces are observed. The rate limiting mechanism is unknown under these

conditions and may be any of the following as discussed in more detail above: linear

oxidation with simultaneous linear volatilization for thin scales, volatilization limited by

the oxidation rate, or an active volatilization process in which the silicon-based ceramic

reacts directly to form a volatile hydroxide. In Figure 10, a steady state oxide thickness

of 0.1 micron has been chosen as the limit for paralinear oxidation/volatilization. For

steady state oxide thicknesses larger than this, the paralinear model is applicable.

The cornbination of all the limits discussed in the four points above maps out a region in

which the paralinear model for oxidation/volatilization can be applied. In this region, the

equations summarized in Table 2 are valid. It should be noted that the high-pressure

boundaries at both very high and very low gas velocities are tentative due to the limited

number of conditions under which SiC or Si3N4 have been tested. The positions of these

lines are indeterminate, although the slopes should be valid. More testing is needed

before these boundaries can be definitively established. Many of the propulsion and

power generation applications for SiC and Si3N4, however, do operate in the pressure and

gas velocity space mapped out by the paralinear regime shown in Figure 10. The mach

0.3 burner rig and high pressure burner rig both fall within this regime and are therefore

good tools for screening materials for long-term applications in combustion environments

where paralinear oxidation/volatilization occurs.

SUMMARY AND CONCLUSIONS

Steady state paralinear oxidation and volatilization of SiC and Si3N4 in combustion

environments can be summarized by the relationships given in Table 2. It is important to
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characterizethe oxide morphology in order to understandthe steadystate recession
mechanismsandrates. Timeconstantsto achievesteadystatearevery sensitiveto small
changesin reactionrate and hencesmallchangesin pressureand gasvelocity. Linear
volatilizationrateconstantsaresufficientto definethesteadystaterecessionrateof silica
formers in combustionenvironmentswhenin theparalinearregime. Steadystate oxide
thickness,time constant,and recessionrate mapsallow prediction of SiC and Si3N4
behavior in combustionenvironments. Thesemaps also provide a framework for
understandingthe limits of the paralinearmodel. Additional characterizationof
oxidation/volatilization of silica formers is needed to establish the temperature
dep_endenceof the process.Finally,morestudiesareneededto understandthe chemical
degradationmechani-s_msof siii_a_form-eigin fiigh preggureand very high gas velocity
combustionenvironments.
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Table1.
Experimentallydeterminedpressure,temperature,andgasvelocitydependenceof

oxidationandvolatilizationrateconstantsfor SiC in watervapor.

n,P(H20)n T dependence m, v m

(k J/mot)

Comments,

reference

Parabolic oxidation rate, kp

0.67+0.19 28 to 156 n/a not corrected for 02

0.85+0.05 contribution, (4)

1.0 68 n/a silicon, (12)

0.91_+0.10 -- n/a (13)

-- 35_+147 n/a (4)

Linear volatilization rate, kl

1.50+0.13 108+_7 0.50+0.16 (7)

-- 56.7+1.7 -- (16)

-- 3+75 -- (4)

Table 2.

Summary of relationships describing steady state paralinear oxidation/volatilization.

As a

function of

rate

constants

As a

function of

variables

Temperature

dependence

Steady state
Limiting oxide thickness Time to steady state recession rate

x L =kp/2k I

x L _: (pv) -1/2

(AH v°l--- -AH°x ]x L _: exp_ RT

2
t L =kp/2k I

t L _: (p2v)-I

"2AH vol - AH ox

5/L _: kl

3/L _p3/2 vl/2

( - AH vol5_L _ exp RTt L _: exp RT
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Table 3.

Summary of test conditions for SiC and Si3N 4 exposed in combustion environments.

Exposure, material P, atm P(H20)' v, m/s T, °C Approximate
reference atm time (h)

A. furnace 1 (3) SiC 1 0.1 0.0044 1200-1400 100

B. furnace 2 (4) SiC 1 0.5 0.044 1200-1400 100

C. high pressure

furnace (5)
D. mach 0.3

-burn_?-rig (6)

E. high pressure

burner rig (7)

F. turbine (10)

SiC

Si3N 4

SiC

SiC

SigN4

10

5.7

8.7

1.5

0.1

0.7

0.87

5x10"

t00

2O

573

1200

-1200-1400

1200-1450

1066-1260

500

3500

100

815

Table 4.

A comparison of measured oxidation and volatilization rate constants

with rate constants calculated from Equations 10 and 15.

A°

(3)
laboratory furnace 1

B. laboratory furnace 2

(4)
C. high pressure

furnace (5)

k r, SiOdh
calculated

0.044

0.22

measured

0.062

0.66

D. roach 0.3 burner rig 0.044 NA
(unpublished work)

E. high pressure burner 0.31 0.31
rig (13,7)t

F. turbine (10) 0.39 NA

0.40

NA*

calculated

2.4x 10.4

1.9x10 2

S iO_/h
measured

NA

1.3x10 2

5.7X10 -3 NA*

3.6x10 2 220x10 2

3.3x10 _ 3.3x10-'

2.2 0.2-1.5

*Under these conditions a non-protective scale is formed on SiC, paralinear

oxidation/volatilization does not occur and the rate constants are not physically

meaningful in the context of the paralinear mechanism.

j-Calculated and measured values are identical for this case since Equations 10 and 15 are

based on these measurements.
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Table5.
Summaryof calculatedandobservedoxidethicknessfor SiCandSi3N4exposedin

combustionenvironments.

Exposure,reference xL,g
A. furnace1(3) 91
B. furnace2 (4) 6
C. highpressurefurnace*(5) 58

D. mach0,3burnerrig 0.6
(unpublishedwork)
E. highpressureburnerrig (7) 0.6
F. turbine(10) 0.1

tL, h

4x 105

x measured, g

1.9-2.8

t measured, h

100

300 2.5-4.5 100

1x 104 25-30 100

50-60 500

17 2-7 200

3 2-6 100

2 min. none detected 815

t>t L

¢,

¢,

¢,

*Paralinear behavior not observed under these conditions, xL and tL would be meaningful

if a dense scale was formed.

Table 6.

Steady state recession rates calculated from Equation 21 for SiC at 1316 °C under
conditions in Table 3 assuming paralinear oxidation/volatilization.

5', bt SiC/h

A. Furnace 1 2x10 4

B. Furnace 2 2x10 -2

6x 10 .3C. High pressure furnace

D. Mach 0.3 burner rig

E. High pressure burner rig
F. turbine

4x10 -2

3x10 '

2

Table 7.

Limits fox" paralinear oxidation/volatilization.

controlling recession
limit velocity pressure mechanism

t. negligible
volatilization/ low low parabolic oxidation rate

recession

2. long time
low low parabolic oxidation rate

constant

low high
3a. non-

protective scale
3b. thick

spalling scale
4. thin or

missing scale

low high

rate of oxidant transport

through porous scale

parabolic oxidation rate,

spallation rate?

linear oxide growth rate?

active hydroxide formation?
high high



23

LIST OF FIGURES

Figure 1. Dimensional change for SiC due to paralinear oxidation and volatilization.

Oxide thickness and SiC recession curves calculated for k =0.25 g2/h and k_=0.21 g/h..

Figure 2. Determination of the time constant for achieving steady state oxide thickness.

The solid curve represents paralinear oxide growth. The dotted lines represent oxide

thickness for parabolic kinetics and the steady state oxide thickness. Oxide thickness and

time are normalized by x,_ and t ......respectively.

f_lgure 3. Determination of the time Constant for achieving the steady siate recession rate.

The solid curve represents paralinear recession. The dotted lines represent recession for

parabolic kinetics and the steady state recession. Recession depth and time are

normalized by y =k '/k_' and t r, respectively.

Figure 4. Limiting oxide thickness map calculated in terms of the oxidation and

volatilization rate constants for SiC at 1316°C.

Figure 5. Steady state time constant map calculated in terms of the oxidation and

volatilization rate constants for SiC at 1316°C.

Figure 6. Limiting oxide thickness map calculated in terms of the total pressure and gas

velocity for SiC at 1316°C in a hydrocarbon combustion environment.

Figure 7. Steady state time constant map calculated in terms of the total pressure and gas

velocity for SiC at 1316°C in a hydrocarbon combustion environment.

Figure 8. Steady state recession rate map calculated in terms of the total pressure and gas

velocity for SiC at 1316°C in a hydrocarbon combustion environment.

Figure 9. Representative oxide cross-sections formed on silica-formers for each of the

case studies. A) laboratory furnace 1: CVD SiC, 1300°C, 1 atm, 10% H20/90% 02, 0.4

cnfs, 113h. B) laboratory furnace 2: CVD SiC, 1300°C, 1 atm, 50% H20/50% 02, 4.4

cm/s, 100h. C) high pressure furnace: CVD SiC (left), AS800 Si3N4 (right), 1200°C, 10

atm, 15% H20, 0.05 cm/s, 500h. D) mach 0.3 burner rig: sintered SiC, 1300°C, 1 arm,

10% H20, 100 m/s, 200h. E)high pressure burner rig: CVD SiC, 1316°C, 5.5 atm, 10%

H20, 20 m/s, 98h. F) turbine: AS800 Si3N4, 1066-1260°C, 8.9 arm, 10% H20, 162-573
m/s, 815h.

Figure 10. Limits for the paralinear oxidation and volatilization model mapped in terms

of total pressure and gas velocity for SiC at 1316°C in a hydrocarbon combustion

environment. The dots represent the case studies referred to in Table 3.
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